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Abstract 
A new Phase Change Material (PCM) based on a salt hydrate which can be incorporated in latent heat storage systems for 
efficient handling of thermal energy around 100 °C has been prepared. Compared with the pure salt hydrate, the results showed 
that the newly developed salt hydrate PYCO-PCM-1 is of high thermal stability. The storage capacity of 83.33 kWh m-3 for a 
temperature range ΔT = 20 K, corresponds to about four times the energy which can be stored with the same volume of water. 
Expanded graphite has been proven as a promising additive for improving the conductivity of PYCO-PCM-1. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy. 
Keywords: Salt hydrate, phase change material, PCM, storage capacity, 3-layer-calorimeter 
1. Introduction 
A Phase Change Material (PCM) is a substance characterized with a high heat of fusion for which melting (solid 
to liquid) and freezing (liquid to solid), at a certain temperature range, is just equivalent to absorbing and releasing 
large amounts of energy, respectively. When the substance changes from solid to liquid or vice versa, heat is 
absorbed or released, thereby classifying PCMs as latent heat storage units. With their very high volumetric storage 
efficiency (250 - 400 kJ dm-3) [1], salt hydrates turn out to be better candidates as compared to water which is a 
sensible storage medium at temperatures T > 0 °C or paraffins (125 - 200 kJ dm-3). However, the major problem of 
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salt hydrates is a phenomenon called incongruent melting, which reduces the reversibility of the phase change 
process and thus the heat storage capacity. Therefore, a potential use of a salt hydrate as PCM requires a 
fundamental study of its thermal properties such as the phase change temperature, the sub-cooling behavior, the 
specific heat and enthalpy curve. Ideally, these properties should be evaluated before and after repeated heating and 
cooling cycles.  
The salt hydrate PYCO-PCM-1 investigated in the present study has been prepared by adding suitable additives 
(types, quantities) to aluminium sulfate octadecahydrate “Al2(SO4)3 • 18 H2O”, which in its pure form, melts 
incongruently [2]. The main motivation for this work is driven from the fact that there is a lack of salt hydrates phase 
change material suitable for heat loss recovery at around 100 °C. In fact, the sensible heat storage technique 
commonly used suffers from the disadvantage of being bigger in size due to the low energy storage density of water. 
The standard measurement method to characterize PCMs is the Differential Scanning Calorimetry (DSC), for 
which the maximum sample size of 20 - 30 mg measurable is too small to account for a reliable generalization of the 
thermal behavior of salt hydrates since their super-cooling tendencies are maximized due to the small quantity of the 
sample [3]. To circumvent this limitation, we therefore use a 3-Layer-Calorimetry (3LC) method which is suitable 
for much larger samples (typically 100 g) [4]. The 3LC is in practice as simple as the common T-history method [5 - 
6]. The main advantages are the use of hermetic closed bags which are very adequate for air sensitive samples like 
salt hydrates, and the possibility to measure temperatures over a large surface between two bags containing the 
sample. In addition, the relatively large sample mass of about 100 g can much likely provide reliable information on 
the thermal behavior of the material under consideration. Deviations of up to 10 % for the storage capacity and an 
error of 0.2 K for the transition temperature [7] are consistent with the criteria established by the Quality Association 
PCM e.V. [8]. 
A brief description of the 3LC-device followed by the data analysis method is provided in the next section. 
Afterwards measurement results on the salt hydrate PYCO-PCM-1 will be discussed. For comparison purposes, 
investigations have also been undertaken on the commercial “Al2(SO4)3 • 18 H2O” (ALSH) used as starting material. 
The evaluated thermal properties include the phase change temperature (T), the specific heat cp(T), and the enthalpy 
H(T). In addition, results from stability tests and thermal conductivity measurements are given.  
2. Methods 
Test materials have been characterized using different methods: (a) thermal properties, such as phase change 
temperatures and the storage capacity, were determined by means of the 3-Layer-Calorimetry (3LC) - method; more 
detailed information about this method is given in sections 2.1 and 2.2, (b) thermal tests have been carried out in a 
cyclic test device, and (c) the thermal conductivity measurements have been performed using the laser flash method 
(Model LFA 427, Netzsch). Additional methods selected for the quantitative and qualitative analysis of the starting 
material “Al2(SO4)3 • 18 H2O” during the PCM synthesis include (d) the use of a thermogravimetric analyzer 
(TGA850, Mettler Toledo) to evaluate the water content and (e) the analysis of the phase composition using a X-Ray 
Diffraction instrument (XRD 3003TT, Freiberg).  
2.1. Description of the 3-Layer-Calorimetry (3LC) 
The measuring system consists essentially of three separate components: (a) a light-weight portable 3LC, (b) a 
thermal source for the heating and cooling experiments and (c) a data evaluation system including a data logger and 
a computer.  
Fig. 1 presents the setup of the 3LC. This instrument consists of a metallic box (33 cm x 24.5 cm x 11 cm) 
equipped with an aluminium sample holder (16 cm x 12 cm x 1.5 cm; thickness of aluminium 0.5 mm) totally 
surrounded by a thermally insulating material with excellent temperature resistance between up to + 110 °C (fig. 
1(a)). For a given experiment, the analyzed sample (~ 100 g) is sealed in two rectangular bags of laminated 
aluminium foil (11 cm x 15 cm) and placed inside the calorimeter (fig. 1(b)) which is then introduced in a 
programmable thermal source for heating / cooling under control boundary conditions. For this purpose, a drying 
chamber (Model UFP 400, Memmert) equipped with a fan, working continuously during the measurements for the 
homogenization of the air in the system, has been used. Two identical K-type thermocouples (NiCr - Ni with a wire 
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thickness of 0.2 mm) placed within the calorimeter monitored the temperature of the box outside (Tout) and that of 
the sample inside (Tin), see fig. 1 (b). These temperatures are recorded every minute with a data logger (accuracy of 
0.2 K). The sensor monitoring Tout is fixed in the box, while the other one controlling Tin is connected to a thermal 
distributor slide (graphite foil, SGL Carbon) with the same dimension as the bags containing the sample (11 cm x 15 
cm). From that, the sample temperature is recorded over a large surface which is one of the advantages of the 3LC 
compared to the T-history method described in [5 - 6]. Another advantage is the use of hermetic closed bags which 
are very adequate for air sensitive samples like salt hydrates. The optimal isolation of the box minimizes the 
temperature gradients in the sample and the measurements take place under extremely slow scanning rates. Both 
characteristics lead to an improvement of the measurement of the sample temperature as well as the determination of 
the specific heat of the sample. 
 
 
 
 
 
 
 
(a)                                                                                           (b) 
Fig. 1. Setup of the 3-Layer-Calorimeter (3LC): (a) top view of the calorimeter with the sample covered with the top isolation; 
(b) Schematic representation of the assembly of the sample box (Tout = temperature of the box outside or the temperature of the 
calorimeter; Tin = temperature of the sample inside or the temperature of the encapsulated sample).  
2.2. Method of measurement 
In a typical experiment, calorimetric measurements are carried out in a defined temperature range selected to 
encompass the transition temperature of the sample. The analysis program consists of consecutive steps of heating 
and cooling. The main requirement is to ensure that the temperature of the box and the temperature of the sample are 
well equilibrated at the beginning as well as at the end of each step. During the experiment, the calorimeter 
temperature and the temperature change in the sample are recorded with the data logger. Then, with the help of the 
program WOTKA [4], the thermal properties including the phase change temperature (T), the specific heat cp(T), 
and the enthalpy H(T) are evaluated.  
3. Results and discussion 
In what follows, the effectiveness of the preparation method used in manufacturing the newly developed PYCO-
PCM-1 is demonstrated by comparing 3LC-results obtained before and after the optimization of the thermal 
properties of aluminium sulfate hydrate “Al2(SO4)3 • 18 H2O” (AlSH) used as starting material.  
To gain a deeper insight into the thermal stability of investigated materials, measurements were carried out on 
samples (typically 100 g) that had previously been subjected to repeated heating-cooling cycles in a cyclic test 
device. These are 45 cycles for AlSH and 62 cycles for the salt hydrate PYCO-PCM-1. 
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3.1. Phase change temperature 
The temperature profile registered during cooling and heating experiments with AlSH is illustrated in fig. 2(a). 
The cooling curve indicates the crystallization over a broad temperature range starting from about 93 °C. This is 
interpreted as evidence for the incongruent melting of AlSH. 
Further investigations with the use of the XRD diffraction analysis method showed that the crystallized sample 
consists essentially of crystalline reflections of the 16 - 17 hydrates. The lack of anhydrous phases confirms that 
only a partial separation of AlSH took place in the molten state. Contrarily to the pure AlSH, as shown in fig. 2(b), 
the crystallization of PYCO-PCM-1 occurs at about 94 °C without phase separation. As can be seen, only a slight 
sub-cooling of about 1 K is registered before the heat release. In addition, the melting peak of 106 °C recorded for 
AlSH is 3 K higher than that of the salt hydrate PYCO-PCM-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                          (b) 
Fig. 2. Temperature variation with the time in the 3LC recorded with 100 g of encapsulated sample, obtained after n thermal 
cycling tests, for (a) the pure AlSH (n = 45 cycles) and for (b) the PYCO-PCM-1 (n = 62 cycles).  
3.2. Variation of the specific heat and the enthalpy with the temperature 
Fig. 3 shows the measurement results for the specific heat cp(T) of the pure AlSH and of the AlSH based PCM 
(PYCO-PCM-1). These were determined from the data of T(t) curves shown in fig. 2, with the help of the evaluation 
program WOTKA [4]. Both melting and cooling results are presented. The melting temperature Tm of the material 
corresponds to the maximum of the melting peak. The undercooling degree ΔT is defined as the decrease of the 
crystallization point below melting temperature. 
The temperature dependent specific heat cp(T) of AlSH shown in fig. 3(a) indicates a melting temperature of 106 
°C and an onset temperature of crystallization Ton of 93 °C. This corresponds to an undercooling ΔT of 13 K. An 
additional observation which led us to conclude that AlSH is not suitable as phase change material is the broad 
temperature range of crystallization which is at least 12 K (from 93 °C up to about 81 °C). The cp(T) results obtained 
after the optimization of the thermal properties of AlSH are presented in fig. 3(b). One notes clearly that selected 
additives contribute to the reduction of ΔT of about 7 K. 
What makes the salt hydrate PYCO-PCM-1 suitable as PCM is the appearance of the onset temperature of 
crystallization Ton = 94 °C within the melting temperature range of about 94 °C to 103 °C. Note that several other 
PCMs based on AlSH (not shown), prepared by appropriately adjusting additives (types and quantities), have 
revealed other melting temperatures whose lower limit is about 88 °C, thereby broadening the application 
temperature range of our sample.  
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According to the enthalpy-temperature curves evaluated from the data of fig. 3 and presented in fig. 4, the 
PYCO-PCM-1 has a storage capacity which is deviated by less than 10 % from that of the starting salt hydrate. This 
shows once again the efficiency of the method of preparation.  
As can be seen in Table 1, the storage capacity of about 83.33 kWh m-3 measured for the temperature spread of 
20 K is significantly higher in comparison with alternative storage materials such as thermal oil, water and paraffin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              (a)                                                                                               (b) 
Fig. 3. Variation of the specific heat cp(T) with the temperature T, obtained after n thermal cycling tests,                               
for (a) the pure AlSH (n = 45 cycles) and for (b) the PYCO-PCM-1 (n  = 62 cycles).   
 
 
 
                                        
 
 
 
 
                 (a)                                                                                                         (b) 
Fig. 4. Variation of the enthalpy H with the temperature T, obtained after n thermal cycling tests,                                    
for (a) the pure AlSH (n = 45 cycles) and for (b) the PYCO-PCM-1 (n = 62 cycles).  
Table 1. Comparison - Storage capacities of storage materials working around 100 °C (Temperature interval: ΔT = 20 K)  
 
Storage materials Unit Thermal oil 
(sensible) 
 Water 
(sensible) 
Paraffin           
RT100 
 Salt hydrate 
PYCO-PCM-1 
Storage capacity     
(ΔT = 20 K) 
 
kJ kg-1 40  84 137  100 
MJ m-3 36  84 105.5  300 
kWh m-3 10  23.33 29.30  83.33 
One of the main problems which commonly hindered the integration of salt hydrates PCMs in storage systems is 
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the thermal stability. For the newly developed PYCO-PCM-1, this has already been proven with more than 200 
heating and cooling cycles, as exemplified in fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Cycle stability of the salt hydrate PYCO-PCM-1 with a melting point around 94 °C 
3.3. Thermal conductivity measurement 
In spite of the desirable properties of salt hydrate PCMs, the low thermal conductivity is a major drawback 
decreasing the rate of heat storage and released during the heating and cooling processes. In the present work, the 
expanded graphite (Ecophit GFG 500, SGL Carbon) has been considered as a promising additive with high thermal 
conductivity. Examined materials include the pure substance (a) Al2(SO4)3 • 18 H2O (AlSH), (b) the PYCO-PCM-1 
and the mixture (c) PYCO-PCM-1G with an expanded graphite content of 5 % in PYCO-PCM-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  (a)                                                                                                     (b) 
Fig. 6. Comparison - (a) thermal conductivity and (b) Enthalpy H (T) of investigated materials. These are Al2(SO4)3 • 18 H2O 
(AlSH), the PCM based on AlSH (PYCO-PCM-1) and a mixture with an expanded graphite content of 5 % in PYCO-PCM-1 
(PYCO-PCM-1G). 
The results in fig. 6(a) show that the PYCO-PCM-1 has a higher thermal conductivity than the pure AlSH. This 
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indicates that an increase of the thermal conductivity of AlSH is obtained by optimizing its properties for the 
development of PYCO-PCM-1. 
The main finding observed by adding 5 % of expanded graphite in PYCO-PCM-1 is an increase of the thermal 
conductivity of at least 40 % in the solid state. In addition, thermal tests using the 3LC-method showed that the 
presence of graphite optimizes the phase change behavior of the PYCO-PCM-1. The deterioration observed in the 
storage capacity of about 10 %, as can be seen in fig. 6(b), falls in the range of the measurement error of the 3LC. 
4. Conclusions 
To sum up, the new salt hydrate PYCO-PCM-1 that we have been able to prepare here is a high performance 
storage material as compared to thermal oil, water, and paraffin. This new material is suitable for the recovering of 
the waste heat released at temperatures around 100 °C. Interestingly, its onset temperature of crystallization falls 
within a large melting temperature range (whose lower limit is about 88 °C) of a variety of PCMs based on AlSH, 
prepared by adjusting additives. It is this broad temperature range that makes it robust and suitable for industrial 
applications. 
With the 3-Layer Calorimeter method, suitable for this approach, we have measured for a 20 K temperature 
spread, the storage capacity of about 83.33 kWh m-3. Such results are reproducible as they remain unchanged after 
several heating and cooling cycles. Moreover, preliminary tests have shown that expanded graphite is a promising 
additive for improving the thermal conductivity of PYCO-PCM-1. 
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